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Low-aluminum composition AlGaN/GaN double-barrier resonant tunneling structures were grown by plasma-assisted molecular-beam-epitaxy on free-standing c-plane GaN substrates grown by hydride-vapor phase epitaxy. Clear, exactly reproducible, negative-differential resistance signatures were observed from 4 Â 4 lm 2 devices at 1.5 V and 1.7 V at 77 K. The relatively small value of the maximum peak-to-valley ratio (1.03) and the area dependence of the electrical characteristics suggest that charge transport is affected by leakage paths through dislocations. However, the reproducibility of the data indicates that electrical traps play no significant role in the charge transport in resonant tunneling diodes grown by molecular-beam-epitaxy under Ga-rich conditions on free-standing GaN substrates. ) but remains challenging for nitride RTDs, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] in spite of the tremendous progress and commercial viability of nitride devices with horizontal electron transport (e.g., high electron mobility transistors) 18 and visible lasers with vertical transport. 19 Resonant tunneling is particularly important for infrared intersubband (ISB) devices such as the quantum cascade lasers (QCLs) 20 and the quantum well infrared photodetectors (QWIPs). 21 Due to unique material properties of GaN/ Al(Ga)N heterostructures, such as large conduction band offsets (up to 2.1 eV), large longitudinal-optical phonon energy (90 meV), short lifetimes, and thermal stability, the nitrides are interesting for QCLs in the currently underdeveloped near-infrared (1.5-3 lm) and far-infrared (25-70 lm) ranges. Since selective charge injection into the upper laser state of a QCL is achieved through resonant tunneling from the ground state of the injector, demonstration of reliable quantum tunneling in nitride heterostructures is an important step towards realization of nitride QCLs.
The initial papers on nitrides RTDs revealed issues related to the stability and reproducibility of the electrical characteristics. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] To date there have been several reports of NDR in nitride double-barrier structures, but in all cases the I-V characteristics of the RTDs differ drastically from the characteristics of arsenide RTDs. In most reports of c-plane nitride RTDs, the current is found to degrade irreversibly upon repeated voltage ramping, raising the question whether the observed NDR is really due to resonant tunneling through the double barrier. A bi-stable behavior (different I-V depending on the direction of the voltage sweep) was also reported in AlN/GaN RTDs. 15 The degradation of the current has been attributed to filling of traps possibly related to the threading dislocations in nitrides, 3, 10 but the physical origin of these traps remains uncertain. Some reproducibility of NDR has been claimed on c-plane GaN substrates under special (negative) pre-biasing conditions, 10 but to date, repeatable electrical characteristics have been reported only on nonpolar nitride RTDs, with either cubic heterostructures 22 or wurtzite nitrides on nonpolar (m-plane) GaN substrates 8 and in nitride nanowires. 9, 23 It is noteworthy that the lower effective mass of cubic nitrides would be beneficial for vertical transport devices based on resonant tunneling, but the structural quality of cubic nitrides is still far from matching the quality of wurtzite heterostructures. Sequential tunneling transport in multi-QW structures has also been reported. 24 In this paper we report repeatable, clear negativedifferential resistance signatures appearing at low-temperature from low Al-composition double-barrier AlGaN/GaN heterostructures grown by plasma-assisted molecular-beam epitaxy (MBE) on high-quality free-standing GaN substrates. In order to limit the effects of the dislocations on vertical transport, we have grown RTD structures by MBE on free-standing nþþ GaN substrates grown by HVPE (dislocation density <5 Â 10 6 cm
À2
) supplied by Kyma Technologies, and the device dimensions have been reduced to 4 Â 4 lm 2 . Since relaxation of the heavily-strained AlGaN barrier layers during MBE or subsequent device processing is a major concern for these devices, the Al-composition in the barrier layer was limited to 18%. Since the electric field across a barrier depends not only on applied bias but also on internal polarization field due to polarization discontinuities at interfaces, the low Al-composition in the barrier also limits polarization discontinuities and reduces the possibility of electrical breakdown during operation by reducing built-in electric fields. Al-composition, the conduction band offset (0.34 eV) and the intersubband level spacing are similar to standard midinfrared arsenide QCL materials (i.e., GaAs/AlGaAs and InGaAs/AlInAs), and, therefore, NDR is expected to improve as the temperature is reduced below room temperature, consistent with our findings. Our results are promising for the prospects of vertical transport nitride intersubband devices. In particular, this experimental study is relevant for the use of nitride ISB heterostructures for THz lasers with applications in THz spectroscopy and imaging.
A schematic of the layer thicknesses, doping, and alloy composition of the RTD structures studied in this paper is given in Fig. 1(a) . The epitaxial layers were deposited under Ga-rich conditions at 745 C in a Riber 3200 MBE reactor equipped with a Veeco nitrogen plasma source. A Si-doped, 400 nm-thick buffer layer serves as bottom contact layer. The active region was composed of a Al 0.18 Ga 0.82 N/GaN/ Al 0.18 Ga 0.82 N quantum well structure and is sandwiched between undoped 20 Å GaN spacer layers. The whole structure was capped with a 1200 Å GaN layer with silicon doping at a level of 1 Â 10 19 cm À3 that also serves as the top contact layer. A typical atomic force microscope (AFM) image taken from the as-grown RTD surface is shown in Fig.  1(b) . The 4 Â 4 lm 2 region has a root-mean-square (RMS) roughness of 8 Å .
The RTD device geometry was chosen to have a standard mesa structure optimized for minimal back contact resistance. Device fabrication was performed through standard nitride processing technologies. Mesas were defined using UV lithography and inductively coupled plasma reactive ion etching (ICP-RIE) with Cl 2 gas. Then, 3000 Å of SiO 2 was deposited by plasma-enhanced chemical vapor deposition (PECVD), and windows were opened for the top and bottom contacts by CF 4 þO 2 plasma etching. Finally, contact layers of Ti/Au with thicknesses of 50 nm/200 nm were deposited by e-beam evaporation. The specific contact resistivity of the back contact measured by the transmission line method is about 6 Â 10 À5 Xcm
2
. A top-view scanning electron microscope (SEM) image of a fabricated RTD with mesa size 4 Â 4 lm 2 is shown in Fig. 2 . No devices with area smaller than 4 Â 4 lm 2 could be fabricated reliably with optical lithography.
The semiconductor chips were mounted on Cu heat sinks and wire-bonded to Au pads. The temperature-dependent current-voltage (I-V) characteristics were measured in a liquid nitrogen-flow cryostat. The positive polarity refers to positive bias applied to the top of the mesa. I-V curves were recorded using an HP4145B semiconductor parameter analyzer that was set up to output a voltage sweep (V) while measuring current (I). Fig. 3(a) shows I-V scans of a typical RTD with mesa size 4 Â 4 lm 2 taken by sweeping the voltage from 1.3 V to 1.8 V while recording current through the mesa. Small but clear NDR signatures were observed around 1.5 V and 1.7 V at 77 K with peak current density of 122 kA/cm 2 . Importantly, the I-Vs are identical on the voltage ramp-up and ramp-down. No significant degradation of the device performance was observed after 20 I-V measurements, in contrast to most previous reports on c-plane GaN. 3, 7, 8, 10 The peak-to-valley ratio (PVR) remains the same after 20 measurements, but the position of the resonances appears to shift to slightly higher voltages after reverse bias to À3 V (shown in Fig. 3(b) ). This shift of about 0.05 V may be related to charge redistribution along interfaces, possibly even to charge trapping on defects. However, this effect is negligible when compared to the bistable behavior reported earlier (see for example Ref. 15) . Fig.  3(b) gives a typical I-V curve under reverse bias scanned from 0 V to À2 V. A small feature is also visible in reverse bias around À0.75 V. We note that at least one NDR feature is expected in reverse bias, but the reverse current is expected to be smaller due to an effectively thicker potential barrier. The I-V characteristics do not change significantly if the temperature is lowered to 4 K, and the two NDR features are distinguishable up to 110 K. It is also noteworthy that we observed NDR in several small size (4 Â 4 lm 2 ) devices from two different wafers. No NDR features, however, were observed from any larger area devices (6 Â 6 lm 2 to 30 Â 30 lm 2 ). Fig. 4 shows the schematics of the conduction band diagram in the active region of our RTDs at zero bias as calculated with the self-consistent Schroedinger/Poisson solver nextnano3. 25 The double-barrier structure exhibits two quantized states at E 1 ¼ 0.204 eV and E 2 ¼ 0.480 eV.
The observed resonant tunneling voltages (V NDR ) in our devices were higher than expected, possibly due to series contact resistance. However, the resonances were observed at considerably lower voltages than reported in other papers (up to 4 V), [8] [9] [10] a fact that indicates a higher quality of the electrical contacts. Most relevant, the voltage difference between the two observed NDR features is consistent with the energy difference between the quantized calculated energies ($0.2 eV). The simulations of the structure under bias show that resonant tunneling occurs from the lowest quantum level in the triangular well on the left to the quantum state in the well, and then to the continuum (inset of Fig. 4) . Due to the close spacing of the levels in the triangular well at low bias, tunneling into the lowest quantized state should be broadened and as a result the NDR signature should be weak, consistent with our data. At higher bias the quantized levels in the triangular well become better separated and hence the NDR feature is expected to get sharper. However, it is also noteworthy that the E 2 resonance is weakly confined (quasi-bound state) and strongly dependent on the exact Alcomposition of the barriers. Under higher bias, resonant tunneling occurs from the lowest level of the triangular well directly into this quasi-bound state across a single AlGaN barrier (the second barrier is below E 2 ). This may be the reason why the PVR observed for E 2 is still low, but higher than for E 1 .
In summary, we report the observation of reproducible NDR signatures at 77 K from low Al-composition AlGaN/ GaN double-barrier RTDs grown by MBE on nþþ freestanding GaN substrates. The PVR (1.03) of the NDR did not degrade significantly after 20 I-V scans and was found to be comparable with the PVR reported for defect-free single GaN quantum disks in double-barrier AlN/GaN nanowires (1.05 at 77 K). 23 However, the NDR was visible only in the small area devices (4 Â 4 lm 2 ). Based on our previous studies of transport through dislocations in AlGaN/GaN heterostructures, 26, 27 we attribute the area sensitivity of the I-V curves to leakage conduction through screw (conductive) dislocations. This leakage path is likely dominating transport for larger area devices obscuring any NDR features, but plays a smaller role for the small area devices. The leakage current appears to increase linearly with the mesa area for the smaller area devices (4 Â 4 lm ). The latter is likely due to the nonuniform distribution of conductive defects on the surface. Therefore, further improvements of epilayer growth, optimization of the device layer structure, and further substrate defect reduction are essential for increasing the PVR of future nitride RTDs and achieving room-temperature operation. From a material standpoint, our results indicate that traps do not play a significant role in the charge transport in RTDs grown by MBE under Ga-rich conditions on freestanding GaN substrates grown by HVPE. Our results are encouraging for the prospects of nitride quantum cascade lasers, especially for the far-infrared (terahertz) range. 
